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[57] ABSTRACT 

The invention provides a method for depositing a metal film 
on a substrate, comprising generating a high density plasma 
in a chamber, sputtering metal particles from a target to the 
substrate, and applying a modulated radio frequency (RF) 
bias to the substrate during deposition. Another aspect of the 
invention provides an apparatus for depositing a metal film 
on a substrate comprising a high density plasma physical 
vapor deposition (HDP PVD) chamber and a controller to 
modulate a RF bias power applied to a substrate in the 
chamber. 
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STEP COVERAGE AND OVERHANG 
IMPROVEMENT BY PEDESTAL BIAS 
VOLTAGE MODULATION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention generally relates to physical vapor 
deposition of a metal film. More particularly, the present 
invention relates to high density plasma physical vapor 
deposition of a metal into high aspect ratio features on a 
substrate surface. 

2. Background of the Related Art 

Physical vapor deposition (PVD) or sputtering is a known 
technique used in the manufacture of integrated circuits. In 
PVD, a target of a desired coaling material is bombarded by 
ions accelerated thereto to dislodge and eject target material 
from the target which is then deposited onto a substrate. The 
target and the substrate to be coated are generally placed in 
a vacuum chamber which is evacuated to and maintained at 
a pressure of less than about 10 milliTorr. Typically, a heavy 
inert gas such as argon is supplied to the vacuum chamber 
and a pumping system maintains the desired gas pressure in 
the chamber. A glow discharge plasma is created in the low 
pressure argon, at least partially ionizing the gas, by sup- 
plying a high negative DC, AC or RF potential to a cathode 
(typically the target) and grounding the chamber walls and 
an anode (typically the substrate). The glow discharge 
plasma is created in the space between the cathode and the 
anode, and is generally separated from the electrodes by a 
dark space or plasma sheath. Since the plasma itself is a 
good conductor, the plasma remains at essentially a constant 
positive potential with respect to the negatively biased 
cathode. This produces an electric field at the target that is 
substantially perpendicular to the exposed surface of the 
target. Thus, positive ions from the plasma are accelerated 
across the dark space onto the exposed surface of the target 
following trajectories substantially perpendicular to the 
exposed front surface of the target resulting in sputtering of 
the target. 

The goal in most deposition processes is to deposit a film 
of uniform thickness across the surface of a substrate, while 
also providing good fill of lines, interconnects, contacts, vias 
and other features formed on the substrate. The most widely 
used metal deposition materials include tungsten (W), tita- 
nium (Ti), titanium nitride (TiN), aluminum (Al), and copper 
(Cu). As device geometries shrink, it has become increas- 
ingly difficult to deposit materials to form con formal barriers 
and liners, such as Ti and TiN, into these device features to 
form low resistance interfaces. 

With recent decreases in the size of semiconductor 
devices and corresponding decreases in device features to 
less than a quarter micron (<0.25 itm) in aperture width, 
conventional S sputtering (i.e., PVD) has not been satisfac- 
tory in providing sufficient deposition thickness at the base 
of high aspect ratio features, i.e. those where feature depth 
exceeds the feature width. Furthermore, conventional PVD 
can cause overhang, or a crowning effect in the region near 
the top comers of the feature opening, and thereby restrict 
the path for subsequent deposition. Thus, an advanced 
deposition process is required to deposit metals in these 
smaller features having increased aspect ratios and to 
achieve sufficient bottom coverage. 

More recently, high density plasma (HDP) processes, 
including ionized metal plasma (IMP), have been used to 
enhance deposition into these features. Generally, a HDP 
PVD chamber, as shown in FIG. 2, includes a target 11, a 
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substrate support pedestal 18, a RF coil 31 disposed in the 
region between the target and the substrate, and a substrate 
power supply 48. To improve bottom coverage, HDP PVD 
uses a high density plasma between a sputtering target and 

5 a substrate to ionize a high fraction of sputtered atoms before 
depositing onto the substrate. These ions are accelerated 
perpendicularly towards the surface of the substrate within 
a plasma sheath, improving the selective or preferential 
filling of high aspect ratio features. Additionally, biasing of 

10 the substrate relative to plasma potential is widely used in 
HDP PVD to control the energy of ions reaching the 
substrate and improve results. The bias voltage can be 
applied directly to the substrate support, or to a conductive 
substrate or a conductive layer on the substrate through the 

15 support. With a non-conductive or highly resistive substrate, 
a radio frequency (RF) bias voltage can be capacitively 
coupled to the substrate. The radio frequency of the RF bias 
is typically between 10 Kilobertz and 300 Megahertz. 
An example of a PVD system capable of improved 

20 deposition into small high aspect ratio features is the VEC- 
TRA™ IMP PVD System, available from Applied 
Materials, Inc., Santa Clara, Calif. The IMP PVD system 
improves bottom coverage and reduces the overhang for- 
mation by directing the sputtered metal particles normal to 

25 the substrate surface so that the particles can deposit into 
deep, sub-quarter micron features. An RF powered coil is 
placed between the target and the substrate to create a dense 
plasma (n«l0 12 cm -3 ) in the space between the target and 
the substrate. Sputtered metal atoms become ionized as they 

30 travel through this region. As the ionized metal atoms 
approach the plasma boundary near the substrate, the electric 
field caused by the applied substrate and/or the substrate 
support bias directs the ionized metal atoms normal to the 
substrate surface. Because the ionized metal atoms are 

35 traveling normal to the surface of the substrate, they can 
deposit into the bottom of high aspect ratio features without 
hitting the side walls of the features and forming overhangs. 
Generally, the IMP PVD system can achieve sufficient 
bottom coverage without forming significant overhangs. 

40 However, an applied bias to the substrate causes 
re-sputtering of the deposited material at the top portion of 
the feature aperture. The amount of re-sputtering increases 
with the power of the applied bias to the substrate The 
re -sputtered material deposits onto the side walls of the 

45 aperture and forms overhangs. This undesirable crowning 
effect restricts subsequent deposition into the aperture. 
Because the bottom coverage and the formation of over- 
hangs depends on the bias power applied at the surface of the 
substrate, HDP PVD still presents problems when a higher 

50 bottom coverage is desired. FIG. la is a cross sectional view 
of a high aspect ratio feature deposited using HDP PVD 
techniques at a high (-400 W) electrostatic chuck bias, and 
FIG. 16 is a cross sectional view of a high aspect ratio 
feature deposited using HDP PVD techniques at a low (-200 

55 W) electrostatic chuck bias. Both FIGS, la and 16 illustrate 
deposition of 1000 A of titanium nitride (TiN) on the surface 
of the substrate. When high bias is applied, bottom coverage 
improves to between 35% and 46% in a high aspect ratio 
feature having 0.35 //m width and 1.2 /<m depth. However, 

60 the high bias causes re-sputtering of the deposited material 
from the deposited material near the top edge of the feature 
to form large overhangs on the side walls near the upper 
portion of the aperture, which again restricts subsequent 
deposition. When low bias is applied, the overhang forma- 

65 tion is minimized, but the bottom coverage decreases as well 
because a lesser amount of deposition is directed by the 
substrate bias to the bottom of the feature. 
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Therefore, there remains a need for a melal deposition 24. The chamber 14 further includes an inductive coil 31 

process for high aspect ratio sub -quarter micron features that coupled to a RF coil power supply 44 to provide an 

can achieve good bottom coverage while minimizing over- inductively coupled plasma in the region between the target 

hang formations near the openings of features formed on 11 and the substrate 16. Optionally, a shield (not shown) 

substrates. SUMMARY OF THE INVENTION 5 having an annular, upturned, wall on which an annular cover 

The invention generally provides a method for depositing ring (not shown) is suspended, divides the chamber into an 

a metal film on a substrate, comprising generating a high upper processing portion and a lower non -processing portion 

density plasma in a chamber, sputtering metal particles from and protects the lower portion of the chamber from depo- 

a target to the substrate, and applying a modulated radio sition. 

frequency (RF) bias to the substrate during deposition. In 10 The substrate 16 is typically passed through a load lock 

one aspect of the invention, the modulated RF bias com- (not shown) communicating with a slit valve (not shown) in 

prises cycling between a first RF bias and a second RF bias. the enclosure wall 24, and positioned on the substrate 

Preferably, the modulation cycle of the substrate bias is support pedestal 18 within the chamber 14 by a robot arm, 

repeated during deposition of a metal film to achieve high blade or other substrate handling device (not shown). In 

bottom coverage and minimal overhang. 15 preparation for receiving a substrate, the substrate support 

Another aspect of the invention provides an apparatus for pedestal 18 is lowered by a lift mechanism 22 to the lower 

depositing a metal film on a substrate comprising a high portion of the chamber, below the slit valve through which 

density plasma physical vapor deposition (HDP PVD) the substrate passes. The pedestal 18 typically includes three 

chamber and a controller to modulate a RF bias power or more vertical bores (not shown), each of which allows a 

applied to a substrate in the chamber. 20 vertically slidable lift pin 38 to pass therethrough. The lift 

pins 38 are preferably disposed on a lift pin platform 40 

BRIEF DESCRIPTION OF THE DRAWINGS which is connected to a lift pin actuator 42. When the 

_ . - pedestal 18 is in the lowered position as just described, the 

So that the manner in which the above recited features, ,■ r u m io . i I, (U i . . 

. f . . . . upper tip ol each lift pin 38 protrudes above the substrate 

advantages and objects ot the present invenlion are attained 25 surface 2fl of , he des , al 18 ^ of , he 

can be understood in deta.l, a more particular description of |if , ins 38 definc a , an£ m ,„ , he subs(rale receivi 

the invention, briefly summarized above, may be bad by surface 20 of (he des , a , 18 

reference to the embodiments thereof which are illustrated in 

the appended drawings. A conventional robot arm (not shown) typically carries 

... , „ „ , , , - the substrate into the chamber and positions the substrate 16 

It is to be noted however, that the appended drawings 30 ^ ^ of ^ m jns 3g ^ uft fa ac[uator 

illustrate only typical embodiments of this invention and are 42 mQves ^ , ift m latform ^ dl , 0 lace , he 

therefore not to be considered limiting of its scope, for the tJ of , he i;f( i[]S inst (he underside of the 

invention may admit to other equally effective embodi- subs , rate u ^ additionally m lhe substrale off lhe robot 

ments ' blade (not shown). The robot blade then retracts from the 

FIG. \a is a cross sectional view of a high aspect ratio 35 cnam b er J4 f an( j t h e lift mechanism 22 raises the pedestal 18 

feature deposited using HDP PVD techniques at a high above lhe lips of the lift pins 38j thereby placing the 

(,=400 W) electrostatic chuck bias; substrate 16 onto the substrate receiving surface 20 of the 

FIG. lb is a cross sectional view of a high aspect ratio pedestal 18. The lift mechanism 22 continues to raise the 

feature deposited using HDP PVD techniques at a low («200 pedestal 18 until the substrate 16 is at an appropriate 

W) electrostatic chuck bias; 40 distance from the target 11 so that the deposition process can 

FIG. 2 is a cross-sectional view of a simplified HDP PVD be S in - At this position, the pedestal 18 engages the shield 

apparatus of the present invention; and ( not shown) and the annular clamp ring (not shown) so that 

FIG. 3 is a cross sectional view of a high aspect ratio the lower P° rtion of lhe chamber is protected from deposi- 

fealure deposited with a TiN film using a three-cycle modu- 4S tl0n - Because the inner diameter of the clamp ring is 

lated RF bias on the substrale. ' typically slightly smaller than the diameter of the substrate 

16, the edge of the substrate 16 and the edge ot the pedestal 

DETAILED DESCRIPTION OF THE 18 are also protected from deposition. 

PREFERRED EMBODIMENT Sputter deposition processes are typically performed in a 

FIG. 2 is a cross-sectional view of a simplified HDP PVD 50 ff * uch f a / g ° n ^ is ^ har ^ ed | nl ° ^ ™cuum chamb " 

apparatus of the present invention. The HDP PVD apparatus * 4 trough the ^ ^ 26 f a s ^ cled flow rale re S ulated 

10 generally includes a vacuum chamber 14 having a % i ma f flow controller. For TiN deposition, nitrogen gas 
chamber enclosure wall 24 which includes at least one gas < N J LS fl ™ n J? the f t hamber t0 re * Ct Wllh ^ SP T red ™ 
inlet 26 and an exhaust outlet 28 connected to an exhaust t0 form ™: ^Pically, argon is flown at about 10 to 100 
pump (not shown). A substrate support pedestal 18 having a 55 sccm and nitro S en ] F S ^ at about 10 10 200 sccm to 
substrate receiving surface 21 for receiving a substrate 16 P r0Vlde de P 0Sltl0n of ™ films - 

thereon is typically connected to a lift mechanism 22 or A sputter power supply 32 applies a negative voltage to 

other actuator disposed through the bottom portion of the * he target 11 with respect to the enclosure wall 24 so as to 

chamber enclosure. The substrate support pedestal is prcf- excite the gas into a plasma state. Ions from the plasma 

erably a biasable(RF power) electrostatic chuck. A target 11, 60 bombard the target surface 12 and sputter target material 

typically disposed in the lop portion of the chamber, pro- f ™"i the target 11. The sputter power supply 32 used for 

vides a sputtering surface 12 positioned to deposit sputtered lar g el biasing purposes may be any type of power supply as 

material onto a top surface 20 of the substrate 16. The target desired, including DC, pulsed DC, AC, RF and combina- 

11 is electrically isolated from the enclosure wall 24 by an lions thereof. 

insulating member 30 and the enclosure wall 24 is prefer- 65 A RF coil power supply 44 is connected to the inductive 

ably grounded, so that a negative voltage may be maintained coil 31 to generate a high density plasma in the region 

on the target 11 with respect to the grounded enclosure wall between the target and the substrate. Preferably, the RF coil 
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power supply 44 is configured to a frequency of 13.56 MHz 
and calibrated for appropriate chamber conditions. A RF coil 
match 46 is provided to adjust the RF coil power supply* s 
forward and reflected power. Once the RF coil power supply 
44 is matched with the RF coil, an ionized metal plasma can 
be generated in the chamber. 

A substrate bias RF power supply 48 provides an RF bias 
to the substrate to direct ionized metal particles to the bottom 
of high aspect ratio features and re-sputter deposited mate- 
rial from the substrate. The invention provides a substrate 
bias RF power supply controller 50 to control the bias power 
applied to the substrate and the modulation of the RF bias 
power. Preferably the controller 50 is a programmable 
microprocessor, but other switching controls can be utilized 
as well. Typically, substrate bias power ranges from 100 W 
to 500 W (for a 200 mm substrate) with an increasing bottom 
coverage corresponding to increasing power. The power 
densities across the surface of the substrate can be calculated 
by dividing the power applied with the surface area of the 
substrate (power/jt r 2 ). For example, the power density for a 
substrate bias power of 500 W applied over a 200 mm 
substrate is (500 W/(ji (100 mm) 2 ) which is approximately 
0.0159 W/mm 2 . 

However, faceting and re -sputtering of deposited material 
at the aperture edge also increase with an increased power, 
particularly with thick films («1000 A). The materials 
re-sputtered from the deposited material near the top edge of 
the aperture form overhangs (or produce a crowning effect) 
on the side walls near the upper portion of the aperture 
which restrict the path of subsequent deposition into the 
feature. In order to siippress this crowning effect, the inven- 
tion provides a modulated RF bias on the substrate, cycling 
preferably between a high bias power of about 500 W and 
a low bias power of about 200 W for a 200 mm substrate. 
Different combinations of modulation and bias power can be 
optimized for the desired bottom coverage and allowable 
overhang formation as well as the desired film quality. 
However, it is important to select an appropriate bias power 
because bias power has a significant effect on film quality. 
For UN films, an extremely low bias power (on the order of 
about 100 W over a 200 mm substrate) tends to densify the 
film and increase the grain size of the deposited material 
while an excessively high bias power (on the order of about 
750 W over a 200 mm substrate) tends to disrupt the 
crystalline structure of the TiN film and incorporate Ar into 
the film. 

In one embodiment, it has been found that modulating (or 
cycling) the substrate bias power between a high/low 
scheme repeatedly produces desirable bottom coverage with 
minimal overhang formation. Preferably, to deposit 1000 A 
of a metal film over the substrate field, at least three cycles 
of the modulated RF bias is provided during the deposition 
process. Each cycle of the modulation preferably comprises 
applying a high bias greater than about 300 W to deposit an 
initial layer about 300 A thick, followed by a low bias less 
than about 300 W lo deposit a subsequent layer about 300 A 
thick. Even more preferably, metal films between about 200 
A and 300 A thick are deposited per cycle of the modulated 
RF substrate bias. 

For a 200 mm substrate TiN process, it has been discov- 
ered that three cycles of 500 W/200 W alternating substrate 
bias produces excellent bottom coverage with minimal 
crowning effects. FIG. 3 is a cross sectional view of a high 
aspect ratio feature deposited with a TiN film using this 
three-cycle modulated RF bias on the substrate. As shown in 
FIG. 3, a TiN (1000 A film thickness on the substrate field) 
deposition process with three cycles of the 500 W/200 W 
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alternating substrate bias achieves bottom coverage between 
44% and 51% while minimizing the overhang or crowning 
effect, as compared to FIGS, la and lb where the high and 
low bias powers were used alone respectively. In this 

5 embodiment, a TiN film about 166 A thick is deposited 
during each half cycle (either high or low bias power) of the 
modulated RF substrate bias. An alternative embodiment of 
the invention applies a high/low/high/low/higb bias modu- 
lation cycle and achieves substantially similar results. The 

jo invention contemplates applications of variations of high/ 
low and low/high cycles to effectively achieve bottom 
coverage and minimize overhang formation. 

In general, to achieve good bottom coverage without 
excessive crowning effects, at least three cycles of modula- 

15 tion is preferred for the modulated RF substrate bias, and a 
deposition thickness between about 200 A and about 300 A 
is deposited during each cycle of modulation. Preferably, an 
equal amount of deposition occurs during each half cycle. 
For example, because the deposition rate depends also on the 

20 substrate bias power, the deposition time required for each 
half cycle can be adjusted so that about an equal thickness 
of deposition occurs during each half cycle. 

Process conditions such as Ar flow, DC power, RF power, 
temperature, and pressure can be changed to optimize film 

25 properties for a given film parameter. It is important to 
provide consistent substrate processing conditions to 
achieve consistent substrate film properties. A typical pro- 
cessing condition for 300 A TiN deposition in a 200 mm 
application provides: pedestal/heater temperature of about 

30 200° C; Ar flow of about 25 seem; N 2 flow of about 28 
seem, chamber pressure of about 15 mT; RF coil power of 
about 2.5 kW; target bias voltage of about -342V; DC power 
of about 4 kW; and pedestal bias of about 13.56 MHz and 
alternating RF substrate bias power between about 500 W 

35 and about 200 W. 

The following describes changes in TiN film properties 
according to variation of process conditions. Generally, TiN 
film resistance and stress are strongly dependent on substrate 

40 processing temperature, including temperature variations in 
the substrate, process gas, process kit, RF coil, and target. A 
higher processing pressure increases bottom coverage but at 
the same lime increases non-uniformity. Film uniformity is 
also governed by the ratio of DC power RE power. Increas- 

45 ing the DC power will increase the sputtering from the target 
and thus increase the deposition rate. Increasing the DC to 
RF ratio has a tendency to deposit center-thick films. The RF 
power governs the plasma density, and higher RF power 
increases the ionization potential and bottom coverage. 

50 However, particle performance degrades with high RF 
power (>2.5 kW) due to the increased temperature cycle on 
the RF coil. The foregoing has been described in reference 
to a 200 mm substrate application. It is to be understood that 
100 mm, 300 mm and other size substrates may require 

55 appropriate scaling to benefit from modulated RF bias 
power. The power levels may be adjusted to appropriate 
power densities. Although the invention has been described 
using a RF coil to generate the high density plasma in the 
chamber, other plasma generators including microwave or 

60 electron cyclotron resonance (ECR) generators, can also be 
used effectively to generate the high density plasma usable 
for the invention. 

While the foregoing is directed to the preferred embodi- 
ment of the present invention, other and further embodi- 

65 ments of the invention may be devised without departing 
from the basic scope thereof. The scope of the invention is 
determined by the claims which follow. 
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I claim: 

1. A method for depositing a metal film on a substrate, 
comprising: 

(a) generating a high density plasma in a chamber; 

(b) sputtering metal from a target onto the substrate; and 

(c) applying a radio frequency (RF) bias to the substrate 
during deposition, the RF bias comprising a first RF 
bias greater than about 300 W for a first portion of a 
cycle and a second RF bias less than about 300 W for 
a second portion of the cycle. 

2. The method of claim 1 wherein the first RF bias is 
between about 300 W and about 500 W and the second RF 
bias is between about 100 W and about 300 W. 

3. The method of claim 1 wherein the first RF bias is about 
500 W and ihe second RF bias Ls about 200 W. 

4. The method of claim 1 wherein applying a RE bias to 
the substrate occurs for at least two cycles. 

5. The method of claim 4 wherein the deposition during 
each RF bias is less than about 300 A. 

6. The method of claim 1 wherein the high density plasma 
is generated by an inductive coil powered by an RF source 
at about 13.56 MHz. 

7. The method of claim 1 wherein the target comprises 
one or more sputterable materials selected from titanium, 
tungsten, titanium nitride, aluminum, copper, and combina- 
tions thereof. 

8. An apparatus for depositing a metal film on a substrate, 
comprising: 

(a) a high density plasma physical vapor deposition (HDP 
PVD) chamber; and 

(b) a controller which controls a RF bias power applied to 
a substrate in the chamber between a first RF bias 
greater than about 300 W for a first portion of a cycle 
and a second RF bias less than about 300 W for a 
second portion of the cycle. 

9. The apparatus of 8 wherein the first RF bias is between 
about 300 W and about 500 W and the second RF bias is 
between about 100 W and abuul 300 W. 

10. The apparatus of S wherein the first RF bias is about 
500 W and the second RF bias is about 200 W. 
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11. The apparatus of claim 8 wherein the HDP PVD 
chamber comprises an ionized metal plasma (IMP) PVD 
chamber. 

12. A method for depositing a metal film on a substrate, 
5 comprising: 

(a) moving a substrate into a chamber; 

(b) generating a plasma in the chamber; 

(c) sputtering material from a target; and 

10 (d) applying a radio frequency (RF) bias to the substrate 
during deposition, the RF bias comprising a first RF 
bias greater than about 300 W for a first portion of a 
cycle and a second RF bias less than about 300 W for 
a second portion of the cycle. 

is 13. ITie method of claim 12, further comprising flowing 
nitrogen into the chamber. 

14. The method of claim 13, wherein the sputtered mate- 
rial comprises titanium. 

15. The method of claim 13, wherein the nitrogen is flown 
20 into the chamber at a flow rate of about 10 to about 200 

standard cubic centimeters per second (seem). 

16. The method of claim 15, further comprising flowing 
an inert gas into the chamber at a flow rate of about 10 to 
about 100 seem. 

25 17. The method of claim 12, wherein the RF bias is cycled 
between the first and second RF biases for at least two 
cycles. 

18. The method of claim 17, further comprising deposit- 
ing about equal amounts of the sputtered material during 

30 each first and second portions of the at least two cycles. 

19. The method of claim 17, wherein the RF bias is cycled 
for three cycles and a deposition thickness between about 
200 A and about 330 A is deposited during each cycle. 

20. The method of claim 12, wherein the sputtered mate- 
35 rial comprises titanium and the reactive gas comprises 

nitrogen flowing into the chamber at about 30 seem, and 
further comprising a chamber pressure of about 15 mTorr 
and an cycling RF substrate bias between about 200 W and 
about 500 W. 
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INVENTOR(S) : Yoichiro Tanaka 



It is certified that error appears in the above -identified patent and that said Letters Patent is 
hereby corrected as shown below: 



Column 2 , 

Line 1 , after " RF" , please insert " inductive". 
Column 4 , 

Line 42, before " and" , please replace " (not shown)" with " 36" . 
Column 6 , 

Line 44, after "power" , please replace " RE" with " RF". 
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